We have characterized the genomic organization of the three zebrafish L chain isotypes and found they all differed from those reported in other teleost fishes. Two of the zebrafish L chain isotypes are encoded by two loci, each carrying multiple V gene segments. To understand the derivation of these L chain genes and their organizations, we performed phylogenetic analyses and show that IgL organization can diverge considerably among closely related species. Except in zebrafish, the teleost fish IgL each contain only two to four recombinogenic components (one to three V, one J) and exist in multiple copies. BCR heterogeneity can be generated, but this arrangement apparently provides neither combinatorial diversification nor an opportunity for the secondary rearrangements that, in mammals, take place during receptor editing, a process crucial to the promotion of tolerance in developing lymphocytes. Examination of the zebrafish IgL recombination possibilities gave insight into how the suppression of self-reactivity by receptor editing might be managed, including in miniloci. We suggest that, despite the diverse IgL organizations in early and higher vertebrates, two elements essential to generating the Ab repertoire are retained: the numerous genes/loci for ligand-binding diversification and the potential for correcting unwanted specificities that arise. The Journal of Immunology, 2006, 177: 2452-2462.
T he adaptive immune system of vertebrates is based on a vast repertoire of Ag receptors expressed on their lymphocytes. Each Ig-producing B cell expresses a receptor of single specificity, composed of two H chains and two L chains whose N termini, the V regions, form the Ag-combining site. During B cell development in mouse, the H chain V region is generated by a recombination process consisting of the combinatorial assembly of one of Ͼ100 tandemly arrayed V gene segments, to one of at least nine D genes and one of four J gene segments (1) . dsDNA breaks are introduced by the recombinase RAG, and during the repair and rejoining process, considerably even greater diversity is achieved through flank sequence deletion as well as addition of extra nucleotides at the junctions of the V/D and D/J joins (for a review, see Ref. 2) . The V region of L chain, a VJ recombination, is similarly derived from a choice of ϳ100 V and four J gene segments (3) . This process, V(D)J rearrangement, generates as diverse a repertoire of ligand-binding sites as possible, in anticipation of a lifetime of pathogenic onslaught. Equally important, the product-a BCR of randomly generated specificity-must not be self-reactive. In the case of an autoreactive receptor, the specificity is altered, primarily by replacement of the L chain component through secondary rearrangements in a process called receptor editing (4 -6) . This is the first step leading to self-tolerance (7) .
Receptor editing is crucial in the generation of the Ab repertoire, because it occurs at a frequency involving up to half of B cells (8, 9) . Thus, the nature of the germline Ig gene organization must not only enable the generation of V region diversity but provide an opportunity for replacing a nonviable H and L chain combination. For the L chain in mouse and humans, replacement mechanisms require the presence of multiple V followed by multiple J gene segments. If the first VJ rearrangement is unwanted because it is not in frame or incompatible with H chain or with the H chain combination forms a self-reactive receptor, secondary rearrangements take place in nested fashion between V genes upstream of the VJ and any available downstream J genes. With the exhaustion of replacement possibilities, the locus can be inactivated by deletion of its C exon; rearrangement continues at the allele, followed by attempts at the second L chain locus, (10, 11) .
Although ensuring self-tolerance is fundamental to the adaptive immune system, this subject has been hardly considered in nonmammalian models. The organization of germline L chain genes in the earliest vertebrates, fishes, is unlike the tetrapod -style arrangement. In both cartilaginous and teleost fishes, the L chain genes are arranged in multiple "clusters," defined as independently rearranging miniloci consisting of few gene segments (one to three V gene segments, one J) and one C region exon (12) . The nurse shark carries Ͼ70 such L chain clusters (13) ; the catfish, 85 (14, 15) . This alternative gene arrangement still provides for the diversity aspect of V(D)J rearrangement, but, with so few gene segments per cluster, there appears no obvious opportunity for a secondary rearrangement to replace the first.
In this study, we have scanned the zebrafish genome and mapped some of its L chain genes. To our surprise, all three L chain isotypes display germline gene organizations differing from the conventional cluster configuration described above, one that is accepted as the IgL organization found in cartilaginous fishes and teleost fishes. To understand the relationship of the zebrafish L chain genes and the derivation of their organization from all of the other teleost fishes so far described, phylogenetic comparisons were performed. Based on taxonomy and available and deduced genomic data, we propose that all present-day teleost fish L chains derived from two isotypes that were present at Teleostei radiation, 240 million years ago (16) . Based on the extensive sequence information available in the zebrafish database, which provided a more comprehensive overview of the IgL in its genomic context, we suggest how receptor editing might be managed in all fishes.
Materials and Methods

Animals
Five-to 8-mo-old zebrafish (Danio rerio) of the AB line were purchased from Zebrafish International Resource Center (Eugene, OR). Genomic DNA was obtained from individual carcasses using standard methods. C and V sequences of types 1-3 (17) were obtained by PCR from genomic DNA (18) and cloned (accession nos. DQ343247-DQ323252). Genomic Southern blotting was performed as previously described (19) , using hybridization conditions of routine stringency.
Database searches
The NCBI database (͗www.ncbi.nlm. nih.gov/BLAST/͘) was used to search for V and C regions of zebrafish L chains (17) (type 1, LC1-8, AF246185; type 2, NCL106, AF246180 and AF246181; type 3, LC1-7, AF246193). Sequences that contained matches for both V and C were downloaded and screened for the presence of additional recombination signal sequences (RSS). 3 The tblastn program was efficacious in finding variant C sequences of the same isotype.
Phylogenetic analysis
Predicted amino acid sequences of V and C regions from cDNA and genomic sequences were aligned in ClustalX, version 1.81 (20) , using blosum weight matrix, gap opening penalty of 10, gap extension penalty of 0.05, and 40% divergence cutoff. The V alignment was trimmed to the framework regions. Distance matrices and neighbor joining trees were generated with PhylipW (21) using the Protdist and Neighbor programs. PhylipW, Seqboot, and Consense were used for bootstrap analysis (1000 times) to test the reliability of the bifurcations. Dendrograms with similar topography were also drawn from these data using other software and algorithms in Bioedit, including ProML (maximum likelihood), Fitch (Fitch-Margoliash), and Protpars (parsimony). Treeview, version 1.66 (22) , was used to draw the trees rooted with IgHV (for IgLV) and IgHC4 (for IgLC) from mouse as outgroups. Pairwise identity matrices were created from Clustal alignments using Bioedit.
Results
The zebrafish L chain isotypes were classified by Haire et al. (17) by C region identity (ϳ30%); this degree of shared sequence is what distinguishes mammalian and C regions, 35-37%. Contig sequences from the database were selected for analysis based on the presence of matches with both L chain V and C regions. The organizations of loci encoding L chain types 1-3 are shown in Fig.  1 . The diversity of the V and C genes has already been discussed (17) ; some considerations as to their derivation are in the Fig. 1 legend. The organization and rearrangement potentials of the three L chain isotypes will be presented in the order: type 2, followed by type 3 and type 1. The type 2 locus is the most complex, containing multiple V, J, and C genes. The type 3 locus has a different organization, similar to one of the type 1 loci; the remaining type 1 loci are in the well-known cluster configuration.
Type 2 L chain organization
Type 2 genes are located over an area of 36 kb on contig NW_644395 (1759 kb). There are 12 V gene segments, 4 J gene segments and 2 C exons (Fig. 1 ). There are no C sequences in the 4-kb interval between J2b and V2i, or after J2d. The C2a is identical with the published type 2 C region (17) . The C2b sequence is 59% identical with C2a at the nucleotide level and 45% in the derived amino acid sequence. That is, it is well diverged from C2a but nonetheless distinguishable from type 1/type 3 C sequences (22-31% identity in all inter-isotype pairwise comparisons).
All of the genes are in the same transcriptional orientation and are so closely packed that they might operate as one locus. The distance between C2a and V2g is Ͻ2.5 kb; if they are not differentially activated, conventional recombination between V and J would occur by deletion of intervening DNA to form a VJ ( Fig.  2A) or deletion of C (Fig. 2B ). In any case, genes V2a through V2f can rearrange to J2c and be spliced to C2b. It is not clear whether any rearrangement to J2a or J2b would be efficiently spliced to C2b.
The multiplicity of J segments scattered throughout the locus provide the potential for recombination events that could inactivate the locus. Recombination between J2a and V2g-V2k would delete the intervening DNA carrying C2a (Figs. 1 and 2B) , and assuming J2d is part of the activated locus, any rearrangement with J2d excises the intervening DNA carrying one or both C exons. The biological significance of these possibilities will be considered in Discussion.
Type 3 L chain organization
A type 3 locus is located on chromosome 5. There are eight V gene sequences, one J gene segment, and one C exon over 18 kb (Fig.  1, bottom) ; no other Ig sequences were detected in over 1600 kb on contig NW_634729. Six V gene segments are located upstream of the J and C; two more are 3Ј of the C. Of the eight V genes, seven are in opposite transcriptional polarity to V3b, J3a, and C3a.
V genes on both sides of the J/C can rearrange functionally to the J. The V genes downstream can recombine by inversion of the J and C (Fig. 2D ), whereas those upstream will themselves invert to join J (Fig. 2C) . The finding that both downstream V gene segments V3g and V3h appear to be functional argue for their active usage. Thus, this type 3 locus consists of eight V gene segments all potentially able to recombine with the J.
Type 1 L chain organization
A search with the zebrafish type 1 C sequence showed good matches from contigs NW_646408 and NW_633979 (Fig. 1, top) ; the former carries two C regions that are 99 and 100% identical with the LC1-8 cDNA sequence and the latter, one C region sharing 87% identity. Both contigs contain multiple V region sequences that were distinguished after searches with the type 1 V sequence and with the type 1 RSS. Thus, type 1 L chains are encoded by several loci, as originally deduced from the finding of different C sequences in a cDNA library (17) .
NW_646408 carries four V gene segments interspersed among two J and C genes, as shown in Fig. 1 , top left; its 5Ј region is unknown, being at the very end of the contig. NW_633979 is assigned to chromosome 1 and contains seven V genes, one J gene segment, and one C exon over 18 kb (Fig. 1, top right) . The organization and rearrangement potential is like the type 3 locus; it too apparently exists as an isolated Ig locus.
Additional matches were found using tblastn program with the C1a amino acid sequence. On NW_644842 (34 kb long), an isolated V-V-J-C cluster was detected; this C sequence (C1k; see supplemental data) 4 shared 58 -62% identity with C1a-c at the amino acid level. On NW_633913, assigned to chromosome 19, seven partial and complete C sequences were found accompanied by J gene segments; the functional ones share 43-62% identity with C1a,b,c,k and 90 -100% with each other, showing that they duplicated among themselves and diverged long ago from the others. Ten V sequences were detected, placed in the opposite transcriptional orientation to the nearest J and C, about one or two per cluster. Over a span of 516 kb, these genes form four clusters, separated by intervals of 3.7-418 kb. Thus, in contrast to the IgL on chromosome 1, these type 1 loci resemble the kind of small IgL clusters reported in other bony fishes.
The type 1 L chain in zebrafish are encoded both by small V-J-C clusters and an "expanded" cluster like those in types 2 and 3. This is a range of variant gene organizations not previously observed in other fishes, perhaps due to the limitations of cloning with bacteriophage vectors.
Genomic Southern blotting results from our laboratory (not shown) for C sequences were identical with those obtained by Haire et al. (17) , who also screened a zebrafish BAC library. The many (7-9) C1-hybridizing bands found in EcoRI-or HindIII-or PstI-cut genomic DNA corroborate the maps in Fig. 1, showing   FIGURE 1 . Organization of representative genes encoding zebrafish L chains. Five contigs from the zebrafish database were analyzed for the arrangement of L chain V (gray boxes) and J gene segments and C exons (black boxes). The transcriptional polarity is indicated by overhead arrows. Each gene is labeled, and an asterisk indicates presence of stop codon or discontinuous coding sequence. The sequences of functional genes and their positions are available in supplemental Fig. 1b . Type 1, Three contigs (NW_633979, NW_646408, NW_633913). NW_633979, The coding sequences of V1f/V1h 85% share identity and their leader introns 99% identity, suggesting that they are duplications. The complete sequence of V1j is not available from the current database. Most of these sequences closely resemble the four V genes on contig NW_64608: V1a is overall 85% identical with V1i, V1b 89% with V1k, and V1c is 97% identical with V1e. V1d is 92% identical with V1a. The end of the contig sequence is nearby; there probably exist additional upstream V genes, because a J gene segment (not shown) is present 10 kb upstream of V1a. NW_633913 contains a series of clusters extending over 516 kb. There are four functional C exons; the overall V sequences are well diverged from each other (31-100% identity) and from the nonlinked ones described above (31-67% identity). The V gene segments appear to be functional except for V1n, V1q, V1s, and V1u, which have stops; all RSS are intact. There is no J gene segment between V1p and C1g, nor is there a C exon between J1g and V1r. Type 2 (contig NW_644395), The functional V fall into two groups: V2b, V2e, V2f, V2g, V2h, V2k and V2a, V2c, V2d, V2i, V2j, V2l. Within a group, they are 89 -95% at the nucleotide level in the V gene segment; between the two groups, they are 50 -55% identical. Thus, these V genes are the least diverse among the three isotypes. We tried to ascertain how the four J gene segments are related by including the nearest upstream V gene in the sequence comparisons. A search using the sequence encompassing V2h-J2b (1144 bp) revealed that V2f-J2a share Ͼ90% identity over 920 bp, from the leader extending into the intervening DNA 450 bp beyond the RSS of the V gene. This suggests that they are relatively recent duplications. V2k is 90% identical with them, but homology drops off after the RSS. J2c also differs from the identical J2a/J2b/J2d, but the overall impression is that this type 2 locus arose from a series of tandem duplications. V2l-J2d are located 22 kb from C2b. All of the V gene segments appear to be functional except for V2b, which may have a nonfunctional RSS and V2i, which has an insertion in CDR3. Type 3 (contig NW_634729), The seven V3 gene segments overall share 46 -94% nucleotide identity in the coding regions. The location of the V genes that are similar (V3a/V3h, 91%, and V3e/V3g, 95% identity) give little clue as to how the locus evolved; extensive changes have occurred that are difficult to reconstruct. V3a through V3f could have been generated by tandem duplication, but it is also possible that two clusters could have become merged, followed by deletion of a J and C formerly located after V3h. The V3b segment is in a different transcriptional orientation, but because the coding sequence is not outstanding, its position probably resulted from a meiotic inversion event. V3c is a pseudogene. that the type 1 L chain is encoded by multiple clusters, whereas the few (2, 3) C-hybridizing bands for types 2 and 3 suggest about two loci each.
Type 1 and 3 share a common ancestor
Together with representative zebrafish sequences, the V and C regions of various teleost L chains were examined for their phylogenetic relationship (Fig. 3 ). These particular species were selected based on the existence of organizational information for one or all of their L chain types (Table I ). The deduced organization of salmon type 2 is based on the finding of a germline transcript containing an unrearranged V gene, the V-J intergenic sequence, and a J spliced to the C sequence. Such transcripts are only possible when the V, J, and C are in close proximity and in the same transcriptional orientation, like V2f-J2a-C2a (Fig. 1) . The two reported in zebrafish and in salmon are both type 2 L chains (17, 23) .
In Fig. 3 , top, it can be seen that the type 2 V regions grouped strongly together (Ͼ99% of bootstrap resamplings) and are distinct from the type 1/3, which appear to be intermixed. The close relationship of type 1 to type 3 is further supported by the similar configuration of the germline genes, in contrast to all the type 2, where the V are in the same transcriptional orientation as J and C (Table I ). The statistically robust phylogenetic groupings of sequences, together with the shared organizational characteristics, are the strongest evidence for the common derivation of type 1 and type 3 L chains.
The classification of a teleost fish L chain is most reliably established through its C region. The phylogenetic tree of the C regions (Fig. 3, bottom) shows strongly supported branches where sequences of the same isotype are clustered (Ͼ98% of bootstrap resamplings), suggesting common descent of all type 2 and of all type 1 C region genes among these fishes. The one exception among type 3 C regions is the salmon sequence named "type 3," which is found amid the type 1 genes. Catfish, zebrafish, and carp, whose type 3 sequences group together and independently of the other C regions, all belong to Ostariophysi; in contrast, salmon belongs to Protacanthopterygii (see Fig. 4 ). The type 3 L chain genes in Ostariophysi fishes thus descend from a common ancestral duplication from type 1 L chain genes. We suggest that, in contrast, the third salmon L chain characterized by Solem and Jørgensen (23) derives from an event specific to Protacanthopterygii or Salmoniformes (hence the asterisked "L3" is distinguished in Fig. 4) . A more recent divergence could explain why the salmon "type 3" and type 1 C regions share 61.5-63.3% amino acid identity, a relationship that is more comparable to zebrafish C1a-c with C1k, which share 58 -62% identity. In contrast, between isotypes, the zebrafish type 1 and 3 share 23-27% and the catfish G (type 1) and F (type 3) share Ͻ35% (15); this level of identity distinguishes mammalian and C regions.
Because type 2 is present in Ostariophysi, Protacanthopterygii, as well as Acanthopterygii (see below), its apparent absence in catfish and others might be attributed to species-specific deletion or to a L chain subpopulation that has yet to be identified. In fact, there exists in the catfish pronephros EST library a L chain sequence (accession no. CK403931) that may be a candidate for the catfish type 2 L chain. A preliminary analysis shows greater similarity to bony fish type 2 sequences than to the catfish F or G L chains; however, the establishment of its identity requires further investigation (M. Criscitiello, unpublished observation).
We suggest that type 1 and type 2 L chains have been present since the emergence of Euteleostei. Type 3 could have evolved early after Ostariophysi divergence because no type 3 homolog has so far been reported in other fish orders; if indeed that is the case, type 3 is by definition not a teleost isotype but a subtype.
Type 2 L chain sequence in puffer fish
We used the zebrafish type 2 V sequence to search the fugu database (͗http://fugu.biology.qmul.ac.uk/͘). Two sequences (clones M007644, accession no. DQ471453; M006921, DQ471454) are Ͼ2 kb in length and carry one V and one J gene segment and one C exon. All are in the same transcriptional orientation; the analysis of M007644 is shown in supplemental Fig. 1a . Searches using the fugu C sequence resulted in five more matches at 99 -100% identity. Because M006921 has a V with a stop codon (supplemental Fig. 1a) , M007644 a functional V, and another clone contains two J segments and one C (M007311), the heterogeneity suggests an organization of multiple clusters (Table I ). The fugu V and C sequences group with the other type 2 ( Fig. 3 ) and provide additional proof that type 1 and type 2 loci existed early in teleost radiation.
Searches were also performed with zebrafish C3 and C1 sequences; among fugu sequences matching to both, all showed greater similarity to C1. One sequence with similarity to only C3 encodes an Ig-like domain; however, there were no V, J, or RSS sequences within a 10-kb vicinity, nor were there any matches to transcribed fugu or tetraodon sequences.
Discussion
We have characterized the genomic organization of the three zebrafish L chain isotypes and found that all three displayed features that have not been reported in other bony fishes. This provides further evidence of the plasticity Ig organization (for a review, see Ref. 24) . In an effort to understand the phylogenetic position of these L chains and their organizations, we compared them with sequences from other fishes and propose a hypothesis on their relationships and origins. We also suggest that despite these diverse IgL organizations, two elements crucial to generating the Ab repertoire are retained: sequence diversity and receptor editing, or recognition of nonself and avoidance of autoimmunity, respectively.
Origin of teleost L chain types
The subclass Actinopterygii, ray-finned fishes, consists mostly of teleost fish species, and all the L chain sequence information available is limited to this group, with the exception of sturgeon (Acipenser baerii) as a representative of older extant fishes (see taxonomic relationship depicted in Fig. 4 ). Phylogenetic trees have been generated in several studies, but there has not been a recent attempt to unify the information and sort out the relationships among the many L chains reported. In this study, we limited the 
a Except for catfish, all sequences are classified according to investigators (type 1-3 or L1-3).
comparisons to seven species where genomic information was available or could be deduced. A correlation between the genomic configuration of the genes, in terms of transcriptional polarity, and position in the phylogenetic trees distinguishes two groups of V genes. The type 2 V gene sequences from zebrafish, trout, salmon, fugu, and carp not only clustered together (Fig. 3, top) but are all organized in the same transcriptional orientation as the J and C genes (Table I ). This suggests a common ancestry and, given their presence in different orders of fish, the existence of a type 2 gene early in Teleostei.
The V genes of type 1 and type 3 cluster together on the phylogenetic tree, without isotypic distinction among the different species (Fig. 3, top) . Moreover, in all eight known instances, the V genes of both types are inverted with respect to the J and C genes (Table I) . This, together with the clustering of the type 3 C sequences from catfish, carp, and zebrafish (Fig. 3, bottom) , suggests that type 3 was derived from type 1 at least during Ostariophysi evolution (Fig. 4) . The relationship between type 1 and 3 has been suggested previously (for instance, see Ref. 25) , but this study is the first to demonstrate the point in several species and by phylogenetic and genomic comparisons as well as taxonomic relationships. At this time, we failed to find a type 3 C region homolog in fugu (Acanthopterygii), but if in the future such sequences are found in non-Ostariophysi species, this would place the L1/L3 divergence at or before emergence of Euteleosts.
It is not known when type 1 and type 2 L chain genes diverged, but at some time the type 1 V genes acquired their inverted orientation. This aspect is particular to teleost clusters, because the Ig genes in cartilaginous fishes are all in the same transcriptional orientation. Perhaps the inversion was the event that served to isolate the primordial type 1 locus. The situation in nonteleost bony fishes has not been much investigated, the only example being sturgeon, where the relative V-J orientation is unknown (M. Lundqvist, personal communication). On phylogenetic analysis (23) , the sturgeon C region appears unique and the V region clusters with teleost type 1/3, but the relationship of this L chain to the teleost L chains is not clear, in the absence of more information. The interest of the sturgeon L chain lay in its -type organization (26), with multiple tandem V, multiple tandem J, and single C exon, which is discussed below. Table I are displayed according to superorder, order, and genus (48) . The L chains that have been reported here and in the references in Table I are listed below the common name of the fish model (blue box). We propose that the type 3 (L3) is derived from type 1 (L1) in separate events in Ostariophysi and in Protacanthopterygii (pink ovals) (see Results). The carp L1A and L1B, considered by some investigators to be two isotypes (49) , carry C regions that are highly related to zebrafish C1k and C1j, respectively (see Results and Fig. 3, bottom) ; we consider all these to be variants of type 1 (L1).
Evolution of IgL gene organization
The cluster organization of L chain in fishes was initially discovered in trout and cod (27) , and subsequent studies, the most comprehensive ones in cartilaginous fishes (horn shark, nurse shark, sandbar shark, little skate), catfish, cod, and trout reinforced an idea of its universality among fishes. In the various teleost species, the L chain isotypes are encoded by multiple loci, each consisting of one C exon, one J, and one to three V gene segments (14, 15, 28, 29) , and in elasmobranchs each IgL locus contains one V gene segment. In this context, the finding of a noncluster organization in sturgeon was the first indication that early IgL evolution involved extensive diversification of gene configurations. Lundqvist et al. (26) suggested that a primordial V-J-C cluster in the ancestral vertebrate expanded by duplicating the entire locus, which led to the multiple clusters in Chondrichthyes, or by duplicating V and J gene segments, which resulted in the -type organization found in sturgeon and in Sarcopterygians (essentially, all tetrapods). The teleosts, which diverged later, were proposed to have recreated the cluster type organization independently, by trimming down the number of V genes (and inverting them) and duplicating the downsized locus.
Up until now, the multiple clusters appeared to be an either-or alternative to the -type arrangement: the three nurse shark L chain isotypes encoded by 70 IgL loci are all V-J-C clusters, whereas the three Xenopus IgL isotypes are encoded by three loci all in -type organization (references in Refs. 11 and 12). Therefore, we were surprised to find that, in zebrafish, the IgL organization of two of the isotypes are organized as loci with multiple V and one to two C and another can consist of clusters but also acquire multiple V gene segments per locus. This characterization of the zebrafish database information is supported by genomic Southern blotting results.
Although the ancestral type 1 must have had the cluster organization, because that is its configuration in all orders shown in Table I , at least one zebrafish type 1 locus (at NW_633979) is different, suggesting extensive genomic restructuring events during zebrafish evolution. If an L chain isotype is encoded by a series of closely linked loci, they can be pared down or expanded by a large unequal crossing-over event; if the loci are scattered throughout the genome, they are less prone to wholesale alteration. We would argue that the original type 2 loci in zebrafish were linked, as were the type 3, whereas the type 1 loci were, and are, at different locations, as suggested by polymorphism between individuals of the AB line on the Southern blots (not shown) and the multiple matches in the database. Just as segmental duplication may have expanded the type 1 clusters (as in NW_633913), segmental deletions may have whittled down the number of type 2/3 clusters.
The zebrafish type 2 and 3 have an increase in the number of V gene segments in the locus, together with a reduction in the total number of loci, which is present at about two per genome. They appear to be an intermediate between cluster and -type arrangements, and might be described as extended clusters. How quickly did these changes take place? We have shown that the zebrafish type 3 is the homolog of the catfish F L chains. The F L chain genes are well established as existing in typical V-J-C cluster formation: this suggests that the original type 3 gene in Ostariophysi had the capability of evolving to either kind of configuration within the time after catfish and zebrafish divergence, 65-127 million years ago (30) . Moreover, if a -type organization in the sturgeon-teleost ancestor can be converted to cluster-type at the time of teleost divergence (26), this process was reversed within a species like zebrafish. We suggest that the L chain gene organization can be more volatile than heretofore thought.
Then how unique is zebrafish? At this time, there are only six teleost L chains, two to three loci representing each, whose genomic configurations have been characterized (Table I) , and possibly further investigation would reveal greater heterogeneity of IgL organization than is apparent in the limited stretch of DNA obtained in bacteriophage vectors. For instance, the close taxonomical relationship of zebrafish and carp (Fig. 4) , together with the phylogenetic grouping of zebrafish L1 and carp L1a (Fig. 3,  bottom) suggests that those carp genes could be candidates organized like the zebrafish homolog on chromosome 1 (Fig. 1) . The more promising situations to investigate would be those where only few C region and multiple V region bands can be visualized in genomic Southern blotting.
One curious feature in the extended clusters is the presence of V gene segments 3Ј of the C exon (C1a, C1c, C2a, C3a). In the case of type 1 and type 3, these genes are available for conventional V-J joining. We suggest in the last section that possibly there may exist another reason for maintaining this arrangement.
Relationship of teleost L chains to mammalian and
The evolutionary ancestry of the mammalian and has not been fully investigated with respect to all vertebrate classes. In particular, incomplete sampling of animals in crucial phylogenetic positions, such as sturgeon, reptiles, and nonplacental mammals, leaves significant gaps in the natural history of the L chain. Thus, the overall picture of L chain descent is incomplete, sometimes due to the deletion of the L chain genes, like in chickens, or like Xenopus presumably in early reptiles antecedent to birds and mammals. The absence of in bony fishes could be attributed to its deletion after Teleostei divergence or to as-yet-undiscovered isotypes; this can be investigated once the entire zebrafish genome is available for such analyses. In summary, of four L chain isotypes found in the representatives of the earliest vertebrates, sharks, one (NS5, type I) is restricted to cartilaginous fishes (32) and three varyingly have orthologs in bony fishes and tetrapods (M. Criscitiello, unpublished observations).
Why more than one L chain locus?
Should a self-reactive Ig receptor be created or the H-L pairing is so poor that inadequate levels of receptor reach the surface, rearrangement continues in the mammalian pre-B cell. A new VJ combination can be produced by nested rearrangement, if possible, or the locus is inactivated by deletion of the C exon (Fig. 5A) . The latter process entails recombination between the RSS ("RS element") downstream of the C exon and either the isolated heptamers ("IRS") in the J-C intron or, more frequently, V genes upstream of the unwanted VJ rearrangement (Fig. 5A) (34 -36) . We will refer to the RS element and the IRS together as "RS/kde." With successful rearrangement and expression, feedback mechanisms leave the gene in germline configuration; in -expressing B cells, the locus has usually rearranged and is nonfunctional (37) . The locus can conceivably be viewed as a reserve in the event of failure at the locus to produce an appropriate BCR (38), and its importance cannot be underrated because, in humans, the -expression ratio is 60:40, although the locus is activated first (11, 39) .
Does receptor editing occur in nonmammals? In chickens, there is one L chain locus, with one functional V and one J segment; in such a situation, the two germline sequences and their very few CDR3 possibilities (in the absence of terminal transferase additions and before gene conversion) could have been selected, at the species level, to not generate autoimmune specificities. In Xenopus, all three L chain loci carry multiple V and J gene segments that can potentially participate in secondary nested rearrangements. In sturgeon, there are multiple V and at least seven J gene segments (26) . In teleosts and in cartilaginous fishes, however, there are multiple clusters, but all those described contain only one functional J gene segment next to the C exon. This means that the replacement of any unwanted fish VJ combination entails at least two secondary rearrangement events, one that brings about its elimination and one at another available cluster.
As can be seen from the maps in Fig. 1 , most type 1/3 C exons are followed downstream by an inverted V gene segment. Although these 3Ј V gene segments can participate in generating the repertoire, as described in Results, their frequent presence may indicate an additional and important function-the provision of downstream RSS for receptor editing. As shown in Fig. 5B , the inversion rearrangement with any upstream V gene generates a signal joint (RSS-12/RSS-23). If the initial VJ is unwanted, secondary recombination in this already activated region could involve the RSS-23 of the signal joint and the RSS-12 of a downstream V gene segment (Fig. 5B) . The ability of the RSS components of the signal joint to participate in recombination (35) . B, Possible secondary rearrangement at a type 1 (or type 3) locus. Downstream V gene segments can rearrange with RSS in the signal joint to delete unwanted VJ. C, Possible secondary rearrangement among cod L chain clusters. Modeled after genomic clone CgL10, where enhancer activity was found 3Ј of only the first cluster; it was proposed that one enhancer can regulate several clusters (29) . With an unwanted VJ, rearrangements continue at the activated region. Another VJ recombination may occur, or the first VJ may be deleted, as shown, by rearrangement between the RSS in the signal joint and an inverted, downstream V gene segment. If the latter occurs first, the enhancer is deleted and the area may no longer be active. The RSS with 12-bp spacer is indicated as a black triangle, and the RSS with 23-bp spacer is indicated as a white triangle.
events has been documented (40, 41) . The secondary rearrangement illustrated in Fig. 5B would cause deletion of the VJ and C exon in the intervening DNA at the type 1 and type 3 loci.
If the downstream elements have evolved to be used for receptor editing, why have they not become V pseudogenes or isolated RS/kde? Recombination to the downstream RSS is theoretically as likely as to the upstream ones, all of which involve inversion rearrangement (Fig. 2, C and D) . Then, there is a probability of one in three that the type 3 J will recombine to a downstream RSS, uselessly, if the RSS is not flanked by a functional V sequence. Thus, if the first (and only potentially functional) rearrangement occurs to a downstream RSS, then this event can still generate a productive VJ. This kind of rearrangement (Fig. 2D ) cannot be readily eliminated in the same manner as the others (Fig. 5B) , but a casual search of the type 3 locus, for instance, reveals heptamer sequences located downstream of V3h, and one of these heptamers recombining with non-rearranged upstream V gene segments could enable C exon excision, in the manner of RS/kde and V in the mouse (35) .
In the zebrafish type 2 locus, all rearrangements involve deletion, and secondary recombination of available upstream V genes with the J2c and J2d gene segments can effect deletion of VJ rearrangements transcribed with C2a and C2b, respectively (Fig. 1) .
Is there potential for secondary rearrangements and receptor editing in species other than zebrafish? The various reported teleost L chain clusters are tightly linked, and the distance between the C exon of one cluster and the downstream inverted V of the next cluster is Ͻ5 kb in trout L1, Ͻ5 kb in cod L1, Ͻ6 kb in catfish G, and Ͻ10 kb in catfish F. Although it is usually remarked in reviews that rearrangement events are limited to within a cluster, this really only applies to observations at elasmobranch Ig clusters, which are not close together. Intracluster IgM H chain recombination was demonstrated in three horn shark rearrangements of the 1113 IgH locus (42) and 16 nurse shark rearrangements of the G2-V1 and G2-V2 IgH loci (43) . Further characterization of 56 nurse shark IgM H chain cDNA revealed that all were rearrangements of V gene segments from groups 1, 2, 4, and 5 (44) to their respective group-specific J gene segments (V. Lee and E. Hsu, unpublished results). The rearrangement patterns for the closely packed IgL in teleost fishes are currently unknown.
The teleost V-J-C clusters might not be individually distinctseveral might be controlled by one set of cis-regulatory elements, as suggested in cod. Bengtén et al. (29) discovered that the enhancers in cod IgL are located downstream of the C exon, and that of six IgL clusters tested for enhancer activity, two 3Ј regions contained strong activity and one weak when transfected with a reporter into fish B cell lines. Although the presence of multiple enhancers was established, it also appeared that not every cluster possessed its own enhancer. Fig. 5C is modeled after cod IgL clone CgL10 (29), and we suggest as an example that the unwanted VJ at one cluster can be deleted by secondary rearrangement between the RSS in the signal joint and a downstream V gene segment, part of another accessible cluster under the control of the shared enhancer. In this case, if the enhancer is deleted in the process, rearrangement would proceed elsewhere, at a group of clusters regulated by a different enhancer.
Is receptor editing possible in cartilaginous fishes? In the nurse shark, the L chain clusters can be rather distantly spaced (45) ; unlike in teleost fishes, we have not found more than one L chain cluster per bacteriophage clone in our nurse shark genomic DNA libraries (our unpublished observations). In the course of characterizing one nurse shark L chain cluster, NS5-2 (13), which is composed of one V, J, and C gene each, we found an isolated RSS sequence (nonamer, 23-bp spacer, heptamer) in the 4-kb J-C intron and a heptamer located immediately 3Ј of the C exon (E. Hsu, unpublished observations). This is the same combination of elements that enables C exon deletion in the mouse L chain system, and we suggest that inactivation of an unwanted shark L chain VJ could occur this way.
In mammals, receptor editing occurs at high levels in normal B cells, but in cold-blooded vertebrates, it is not yet clear whether promotion of tolerance occurs this way or by clonal deletion/anergy. There are many IgL loci in fishes, and we propose that they serve not only to provide BCR diversity but also a reserve of genes/RSS sequences to be used for the purpose of replacing rearrangements encoding nonviable or self-reactive specificities. The maintenance of self-tolerance is an innate part and corollary of a process that generates a vast repertoire, including anti-self specificities that must be removed, preferably with less cell wastage, which is more costly in cold-blooded vertebrates (46) . Diversification and receptor editing are both achieved by rearrangement, and as such, the potential to enact both processes will be selected for in the organizational structure of Ag receptor genes during vertebrate evolution. 
